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Atomic Fermi gases provide an ideal platform for studying the pairing and superfluid physics, using a Fes-
hbach resonance between closed channel molecular states and open channel scattering states. Of particular
interest is the strongly interacting regime. We show that the closed-channel fraction Z provides an effective
probe for the important many-body interacting effects, especially through its density dependence, which is ab-
sent from two-body theoretical predictions. Here we measure Z as a function of interaction strength and the
Fermi temperature TF in a trapped 6Li superfluid throughout the entire BCS–BEC crossover. Away from the
deep BEC regime, the fraction Z is sensitive to TF . In particular, our data show Z ∝ TαF with α = 1/2 at uni-
tarity, in quantitative agreement with calculations of a two-channel pairing fluctuation theory, and α increases
rapidly into the BCS regime, reflecting many-body interaction effects as predicted.
Using a Feshbach resonance, atomic Fermi gases provide
an ideal platform for studying the pairing and superfluid
physics. Of particular interest is the crossover [1, 2] from
a Bardeen-Cooper-Schrieffer (BCS) state of Cooper pairs to
a Bose-Einstein condensate (BEC) of molecular dimers [3–
9]. Except in the deep BEC limit, many-body physics plays
an important role throughout the BCS–BEC crossover. By
virtue of Feshbach resonance, the paired atoms can be re-
garded as “dressed molecules”, which are a superposition of
open-channel atom pairs with the closed-channel molecules
[10, 11]. These superimposed molecules are then further
dressed (i.e., renormalized) with many-body interaction ef-
fects. The closed-channel fraction Z contains important
many-body interaction effects. While the former superpo-
sition reflects two-body effects, the latter dressing reflects
many-body effects.
To address the interaction effects, a few experimental
probes are available, including thermodynamic measurement
of specific heat [7, 12, 13], rf spectroscopy measurement of
the spectral function [14–16], spin transport [17, 18], collec-
tive excitations [6, 19], Bragg scattering [20], etc. Here we
demonstrate that closed channel fraction is a very important
addition to the “toolbox” for studying many-body interaction
effects in atomic Fermi gases. Indeed, many important physi-
cal quantities, such as superfluid excitation gap [21] and Tan’s
contact [22], can be associated with Z [23]. The measure-
ment of how Z evolves with interaction, density, and temper-
ature provides crucial information of the interaction effects
and serves as a test for various theories.
In the simple two-body theory [24], Z decreases from 1 in
the BEC limit to 0 at unitarity, beyond which the attractive
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interaction becomes too weak to support bound molecules.
When it is large, Z can be determined by the derivative of
the binding energy of dressed molecules with respect to the
magnetic field B [25]. However, this method does not work
when Z is small, due to limited experimental resolution as
well as the breakdown of the two-body theory in the uni-
tary and BCS regimes. By driving transitions between the
dressed molecules and molecules in excited states with a reso-
nant laser, Z has been previously measured in the BCS–BEC
crossover of a 6Li superfluid [26]. While Z decreased from
the BEC to the unitary regime, a non-vanishing and smoothly
varying Z was observed at the unitary point and well into the
BCS regime [26]. Despite that the quantity Z was extracted
assuming an exponential decay of remaining atom number
N versus laser probing time t based on the two-body the-
ory, these experimental results indicate that many-body ef-
fect must be present in the BCS regime. Indeed, Z was con-
templated to be related to the excitation gap squared in this
regime and slight deviation from exponential loss for N was
noticed [26]. Nonetheless, due to limited signal-to-noise ratio
and large error bars in atomic numbers, a clear dependence
of Z on the particle number N , which manifests the many-
body effects, was not observed. This experiment has been ad-
dressed to various degrees by many-body based two-channel
models [11, 21–23]. It is shown that Z depends not only on
the scattering length but also on the Fermi temperature TF of
the system [21, 22], unlike that in previous experiment [26]
which reported a single unique value of Z for given scattering
length. Particularly, a universal relation of Z ∝ √TF at uni-
tarity is predicted. A direct consequence of these predictions
is that, although very weak, Z is a function of the particle
number N , via Z ∝ TαF ∝ Nα/3 with α = 1/2 at unitar-
ity and α > 1/2 in the BCS regime, resulting in a power-law
decay of atom number as a function of laser probe time.
In this Letter, we report on precision measurements of the
closed-channel fraction Z as a function of magnetic field and
Fermi temperature TF in 6Li superfluid at low T with optical
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2molecular spectroscopy, and provide unambiguous evidence
that Z is governed by many-body physics. We emphasize
that the density dependence of Z is a much more important
many-body effect than the nonzero Z in the BCS regime; it
is present throughout the BCS-BEC crossover except the deep
BEC regime. Due to the smallness of Z [26], precise con-
trol of experimental parameters is needed in order to unravel
the many-body interaction effect. Indeed, we find that due
to the weak dependence on particle number, the many-body
effects could be easily buried in noise, as was the case in
ref. [26]. With advanced laser cooling techniques, we are able
to produce 3.0(1) × 106 6Li atoms at 0.05(1) TF . The large
atom number and low temperature of the superfluid greatly
improve the signal-to-noise ratio of the measurements. More-
over, to reduce systematic errors, the Rabi frequency of the
molecular transition is calibrated with the well-known Z val-
ues in the BEC regime. These improved techniques and cal-
ibrations make the detection of many-body effects possible.
As a consequence, in the unitary and BCS regimes, power-
law fittings which account for the many-body effects are in
good accordance with the experimental data while obvious
deviations are found for two-body-theory-based exponential
fittings, especially at high B. At unitarity, the universal re-
lation Z ∝ √TF has been revealed, with the measured co-
efficient being 0.074(12), in quantitative agreement with the
two-channel model prediction [21, 22]. At a higher field
B = 925 G in the near-BCS regime, we find a power-law ex-
ponent much larger than 1/2, in semi-quantitative agreement
with predictions as well. This higher exponent means a more
sensitive dependence of Z on TF , and hence a stronger many-
body effect.
The experimental procedure for producing 6Li superfluid
has been described in our previous works [27–29]. The su-
perfluid of 3.0(1) × 106 6Li atoms at T/TF = 0.05(1) are
confined in an oblate harmonic optical dipole trap (wave-
length 1064 nm, 1/e2 horizontal (vertical) radius 200 µm
(48 µm)). The radial confinement is mainly optical with hor-
izontal and vertical trap frequencies being 2pi×53.7(3) Hz
and 2pi×205.3(5) Hz, respectively. The axial confinement is
mainly provided by the magnetic field curvature with a trap
frequency of 2pi×16.8(1) Hz at 832 G. The method for prob-
ing the closed-channel fraction Z is similar to ref. [26], where
a resonant laser transition is used to pump the closed-channel
molecules into an excited singlet molecular state. Here, the
transition is X 1
∑+
g (v = 38) → A 1
∑+
u (v
′ = 68), since
it possesses the largest Franck-Condon wavefunction over-
lapping. Due to Rabi oscillation and spontaneous-emission
loss, the number of dressed molecules decreases at a rate of
Γ = ZΩ2m/γm, where Ωm is the Rabi frequency of the transi-
tion and γm is the linewidth of the excited molecular state. We
mention that the Γ equation is valid provided Ω2m/γm  1,
which is easily satisfied in our experiment, and has been fur-
ther verified by varying the probe laser intensity. Therefore,
by recording the remaining atom number versus probing time,
the fraction Z can be extracted with given Ω2m/γm.
Previously, Ω2m/γm is directly calculated based on the theo-
retical knowledge of molecular optical transition and the mea-
sured laser beam parameters. This method relies on precision
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FIG. 1. Calibration of the molecular transition parameter Ω2m/γm.
Shown is the decay rate Γ, measured at 748, 722, 696, and 670 G,
corresponding to the data points from left to right, respectively, ver-
sus theoretically calculated Z. Each data point is averaged over three
measurements with error bars given by standard deviation. The slope
of the linear fit yields Ω2m/γm. The decay rate Γ was obtained by ex-
ponential fitting of the remaining atoms N(t) (normalized at t = 0)
as a function of the probe time t (red line), as shown in the inset for
748 G.
measurement of laser power P and beam waist ω0 at the po-
sition of the atoms, which is very difficult to achieve in prac-
tice [30]. Moreover, the calculated wave-function overlapping
between the ground and excited molecular states is based on
some theoretical assumptions regarding molecular potentials.
Thus, the combination of these problems limits the accuracy
of the obtained Ω2m/γm to a few 10%. To solve this problem,
the ratio Ω2m/γm is determined by calibrating the measured Z
against theory in the well understood deep BEC regime, where
good agreement between two-body and many-body theories
have been achieved [21]. Indeed, in this regime, Z becomes
independent of TF [21], so that the molecule number will de-
cay exponentially with a decay constant Γ upon laser expo-
sure. Therefore, Ω2m/γm can be derived by linearly fitting a
series of theoretically calculated Z and experimentally mea-
sured Γ at different magnetic fields.
After preparing the 6Li superfluid at 832 G, the field is lin-
early ramped to the desired value in 100 ms and held for an-
other 100 ms for equilibration before the molecular probing.
The probe laser (laser power 20 µW) is frequency-locked to
an ultra-stable Fabry-Perot cavity with its power stabilized.
The achieved long-term stability of frequency and power are
500 kHz and 0.1%, respectively, which greatly suppress the
systematic errors. The measurements in the BEC regime are
performed at 670, 696, 722, and 748 G, respectively. Note
that the 1/e depletion time of milliseconds is far shorter than
the molecule lifetime of more than 10 s, thus the background
molecule loss is negligible. As an example, the inset of Fig. 1
shows the remaining atom number as a function of probing
time at 748 G, which yields Γ = 118.1(9) Hz. Plotted in
Fig. 1 is the linear fitting to Γ versus theoretical Z values at
3these magnetic fields, yielding a slope Ω2m/γm = 136(1) kHz.
The high-quality fitting curve demonstrates not only the sta-
bility of our experimental setup, but also the reliability of ob-
tained Ω2m/γm.
Before we move on to the measurement in the unitary
and BCS regimes, we summarize the theory predictions [21]
which lay the foundation for our data analysis. At T = 0
in a homogeneous Fermi gas, the superfluid order parameter
∆˜ associated with condensed dressed molecules has two con-
tributions, φm from the closed channel and ∆ from the open
channel, as ∆˜ = ∆ − gφm, where nb0 = φ2m is the num-
ber of closed-channel molecules, and g is the inter-channel
coupling [2]. Note that Cooper pairing in the BCS regime is
purely a many-body effect, and it is due to this linear combi-
nation that the closed-channel molecules acquire a finite frac-
tion in the BCS regime. In the end, we have nb0 = Zg∆˜2,
where the coefficient Zg can be calculated using experimental
parameters and the fermionic chemical potential. Using a lo-
cal density approximation, the trap-averaged closed-channel
fraction Z in the entire gas, as measured here, is thus given
by Z = 2Nb0/N at low T , where Nb0 and N are trap
integral of local nb0(r) and overall atom density n(r), re-
spectively. The theory predicts that Z ∝ √TF at unitarity
(832 G), where 1/kFa = 0 holds for the whole trap. Here
TF = ~ω(3N)1/3/kB , where N is the atom number and ω is
the geometric average of trap frequencies. Away from unitar-
ity, the local 1/kFa become inhomogeneous across the trap,
so that Z as a function of TF can only be calculated numeri-
cally, as shown in Fig. 3 of ref. [21]. Here we have recalcu-
lated Z using the most up-to-date resonance parameters [31].
A log-log plot of Z versus TF , presented in Supplementary
Fig. S1, indicates that within the range of TF for our experi-
mental data, it can be reasonably approximated with a power-
law dependence, Z ∝ T xF , with x > 1/2 in the BCS regime.
It should be emphasized that the measured Z is different from
that defined via Ψdressed =
√ZΨclosed +
√
1−ZΨopen, as in
refs. [11, 26]. To obtain this Z , one would need to divide Z
by the pair fraction [2], which is unity in the deep BEC regime
but becomes small in the BCS regime. In fact, ref. [26] also
measured Z, rather than Z .
While one may think of the superfluid in the BEC regime
roughly as Bose condensation of Feshbach molecules, in the
unitary and BCS regimes, the superfluid becomes fermionic,
and the many-body effects become more important. For both
the unitary and BCS regimes, we shall write Z = αT xF . Sub-
stituting this into the decay equation, one obtain
N˙/N = −ZΩ
2
m
γm
= −βNx/3, (1)
where β = α(31/3~ω¯/kB)xΩ2m/γm. This leads to a power-
law decay,
N(t) = a(t+ b)−c , (2)
where
x = 3/c , β = c/ax/3 . (3)
Then, the parameters α and x can be acquired by fitting the
experimental data with Eq. (2).
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FIG. 2. Measured Z as a function of T 1/2F at unitarity, exhibiting
a good linearity. Plotted in the inset is an example case of N−1/6
versus t, where the remaining atoms N (normalized at t = 0) are
counted and statistically averaged over 3 measurements. The vertical
bars denote the standard error. Both the main figure and the inset
yield nearly the same slope
Next, we measure Z in the unitary and BCS regimes with
the calibrated Ω2m/γm. At unitarity, x = 1/2, and thus
N(t)−1/6 ∝ t. The 1/e decay time of the molecules is care-
fully chosen to be about 60 ms, which is much longer than
the estimated equilibration time of the dressed molecules [32].
The inset of Fig. 2 shows as an example the remaining atom
number N−1/6 versus probe time t. The good agreement be-
tween the data and the linear fitting demonstrates the validity
of the theoretical model. By substituting the fitting result into
Eq. (3), we obtain α = 0.070(1), which is very close to the
theoretical prediction of 0.066 at zero T . For comparison, the
data are also been fitted exponentially, as shown in Fig. S3(b)
(see Supplementary Information). Despite that the change in
Z is only about 30% during the molecular probing, the de-
viation between the exponential fitting curve and the exper-
imental data is already visible. We further perform a series
of measurements of Z with varying initial TF . As shown in
Fig. 2, the resulting Z exhibits a good linearity as a function
of
√
TF , with a slope of 0.074(12), in quantitative agreement
with that from a single set of probing data. We mention that
in contrast, the measurements and analysis in ref. [26] allows
only one value of Z for each interaction strength.
With the same procedure, we probe Z on the BCS side in
the range of 850 − 1000 G. In these measurement, the Fermi
gas is directly evaporatively-cooled at the same magnetic field
for molecular probing, eliminating the field-sweeping process.
The rapid decrease of Z with B leads to a significant in-
crease of the 1/e depletion time. To suppress the influence
of background loss, we increase the laser power gradually
from 60 µW to 360 µW to maintain an approximately iden-
tical “decay constant” of about 200 ms throughout the whole
BCS regime. In Fig. 3, we plot N (normalized at t = 0) as a
function of t forB = 696, 832, 925, and 1000 G, which spans
from the BEC, the unitary, to the BCS regimes. While the ex-
ponential decay function fits well with the data at 696 G in
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FIG. 3. Optical molecular spectroscopy in the BEC-BCS crossover.
Shown is the atom number N , normalized at t = 0, measured at
696 G, 832 G, 925 G and 1000 G, as a function of t, with a laser
power of (a) 20 µW, (b) 60 µW, (c) 120 µW , and (d) 360 µW,
respectively. Error bars represent one sigma standard error. The
straight lines are the (a) exponential and (b)-(d) power-law fits, as
plotted in (a) semi-log and (b)-(d) log-log scales, respectively. Here
∆t represents b in Eq. (2).
the BEC regime (Fig. 3(a)), there is a progressively increasing
systematic deviation as the field increases (see Supplementary
Fig. S3). The failure of the exponential fitting becomes obvi-
ous in the unitary and BCS regimes. In contrast, the power-
law fitting with increasing exponent works perfectly well for
the unitary and BCS cases, as manifested by the good straight
fitting lines in log-log scales in Fig. 3(b)-(d). These results
provide direct evidence of the many-body effects in Z. Pre-
sented in Fig. 4 is measured Z versus TF at 925 G at low T
in log-log scale. The data point at TF ≈ 0.25µK has a large
error bar, due to relatively low atom number. The power law
fit (dashed line) yields an exponent α = 1.48, much larger
than 1/2 at unitarity. For comparison, also plotted is the (red
solid) theory curve (multiplied by 8), which exhibits a power
law exponent in reasonable agreement with experiment.
In the inset of Fig. 4 we compare the experimental and theo-
retical Z values for TF = 0.45 µK on the BCS side of the Fes-
hbach resonance. In the vicinity of unitarity, our experimental
results are in good agreement with the many-body theoretical
predictions. However, as the field increases, discrepancy be-
tween experiment and theory appears, with the experimental
Zexp substantially larger than the theoretical Ztheory. This ob-
served theory-experiment discrepancy is consistent with pre-
vious experiment [21, 26].
The present two-channel theory of ref. [21] and others in
the literature [11, 22, 23] are inadequate in addressing this
discrepancy. For the short range interaction which is pertinent
to 6Li, only spin-singlet pairing is considered in these models.
However, scattering states in the closed channel are always
present. These virtual fluctuating closed-channel molecules
may have a finite probability of being pumped into the ex-
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FIG. 4. Measured closed-channel fraction Z as a function of TF at
925 G at low T in log-log scale. The dashed line is a power law
fit with exponent α = 1.48(8). For comparison, also plotted is the
theoretical curve (multiplied by 8, red solid). Shown in the inset is Z
versus magnetic field for TF = 0.45 µK between experiment (open
circles) and theory (solid line).
cited molecular state by the probing laser. Given the domi-
nant unpaired atoms in the BCS regime, this process may be a
substantial contribution. We emphasize that these fluctuating
closed-channel molecules are different from free uncorrelated
atoms, whose contribution has been shown to be small and
independent of B [26, 33]. It calls for a theory beyond the
two-channel model to account for this apparent discrepancy.
Finally, we point out that, in a two-channel model, the den-
sity (or equivalently TF ) provides an extra dimension to the
system. More specifically, two Fermi gases with different TF
are no longer mathematically equivalent, even if they possess
the same interaction strength 1/kFa and reduced temperature
T/TF . This will inevitably lead to violation, albeit small, of
the universality hypothesis of a unitary Fermi gas [34–36],
which is based on a one-channel assumption. At the same
time, over the entire BCS-BEC crossover regimes, it is pre-
dicted that Z ∝ ∆2 roughly for given TF and interaction
strength [21]. Furthermore, Z also exhibits important tem-
perature dependence [21]. Hence measurement of condensed
and noncondensed closed-channel fractions as a function of
T may disclose how the order parameter and the pseudogap
evolve with temperature.
In summary, we have measured Z of interacting Fermi
gases of 6Li in a trap as a function of TF and B. Away from
the deep BEC regime, the fraction Z exhibits clear depen-
dence on Fermi temperature TF , unraveling important many-
body interaction effect. In particular, our data showZ ∝ √TF
at unitarity, with the measured coefficient being 0.074(12), in
quantitative agreement with theory. It would be interesting
to perform precision test of the universality hypothesis and
investigate the temperature evolution of the condensed and
noncondensed part of the closed channel fraction in various
5BCS-BEC regimes in the future.
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